A B S T R A C T As part of an inquiry into possible antecedents of idiopathic cardiomyopathy, acute experimental coxsackie virus myocarditis was studied for late structural and functional sequelae. Myocarditis was induced in 12-and 22-day-old hamsters by inoculation with coxsackie virus B3. Early viremia occurred, followed by virus replication in heart muscle.
INTRODUCTION
Viral myocarditis clinically is generally benign and recovery apparently complete (1) . Yet, cases of persistent symptoms and cardiac manifestations with or without eventual recovery have been well documented (2, 3) . Although chronic myocarditis and myocardial fibrosis have been postulated as sequelae of acute viral myocarditis, the evidence in man remains circumstantial (4) . The occurrence of subacute myocarditis followed by myocardial fibrosis has, however, been seen in mice with experimental coxsackie virus B3 myocarditis (5) . These clinical and experimental observations have raised the possibility that at least some cases of primary cardiomyopathy and congestive heart failure represent late sequelae of an earlier viral myocarditis, even in the absence of evidence of myocardial inflammation.
In the present study, this hypothesis was tested by inducing acute myocarditis in both suckling and weanling Syrian golden hamsters with coxsackie virus B3. Myocardial function was assessed 18, 90, and 180 days after inoculation by observing the isometric contractile response of isolated left ventricular trabeculae carneae during stretch.
In an attempt to further characterize the observed depression of contractility induced by viral infection in the isolated muscle, papillary muscles from weanling animals studied at 18 days were kept in glycerin for 3 mo, resulting in the essential destruction of all cell membranes including the sarcoplasmic reticulum (6, 7) . This provided a more direct model for studying the contractile proteins.
The Journal of Clinical Investigation Volume 57 March 19766569-575 METHODS Coxsackie virus B3 (Nancy strain), originally isolated from a human case of coxsackie virus infection, was serially propagated in cultures of Vero (African green monkey kidney) cells in serum-free medium 199 (8, 9) . Syrian golden hamsters of the LSH strain (Lakeview hamster colony, Newfield, N. J.) were used. The animals were inoculated intraperitoneally with 106 plaque-forming units (PFU)' of virus at either age 12 days (suckling) or 22 days (weanling). Age-matched control animals were sham inoculated with medium from uninfected cell cultures. Muscle mechanics were evaluated at 18, 90, and 180 days postinoculation.
The 12-day-old (suckling) group studied at 18 days postinoculation consisted of seven control (C/12/18) and eight infected (I /12/18) hamsters. In the group examined at 90 days postinoculation, there were 6 control (C/12/90) and 10 infected (I/12/90) hamsters. At 180 days eight control (C/12/180) and eight infected (I/12/180) hamsters were studied. The animals in the 12/90 group were inoculated separately from the other two 12-day groups. The weanling animals were inoculated at age 22 days, and were subdivided and studied as follows. One group studied at 18 days consisted of 7 control (C/22/18) and 10 infected (I/22/18) animals. At 90 days, eight control (C/ 22/90) and eight infected (1/22/90) animals were studied. At 180 days, nine control (C/22/180) and eight infected (I/22/180) animals were studied.
Infectivity. Using age-matched animals that had received the same virus inoculum, the quantity of virus in blood and myocardium was assayed on days 1, 2, 3, 5, and 7 after inoculation. Serum-neutralizing antibodies were assayed by a plaque reduction method 90 days postinoculation. Possible cross-infection between cages was ruled out by assaying for neutralizing antibodies in the serum of control animals.
Pathology. Livers, lungs, and hearts were inspected for gross lesions and then weighed. Heart weight/body weight ratios were calculated. Sections of formalin-fixed, paraffinembedded tissues were stained with hsematoxylin and eosin, Van Gieson, and Masson trichrome stains.
Muscle mechanics. The animals were decapitated, the left ventricular trabeculae carneae were rapidly dissected out, and the free ends of the muscle were connected to spring-loaded clamps. One of the clamps was attached to a Statham UC3 tension transducer (Statham Instruments, Inc., Oxnard, Calif.) and the other held rigidly. Peak-developed tension (Tpd) and resting tension (Tr) were noted. Length changes were transduced with a Schaevitz LVDT 50 transducer. The isometric myograms were electronically differentiated to obtain the maximum rate of tension development (dT/dt). The time-to-peak tension (TPT) was measured as the time from the onset of contraction to maximum Tpd. Lmax was that length at which maximum Tpd was produced. Tpd, Tr, and dT/dt were measured at Lmax. All During an initial stabilization period of 15-20 min, Tr was set for a minmum value (< 0.25 g). After the muscles stabilized, we cyclically stretched and relaxed them, using a modification of a previously published method (10) . We utilized a motor-driven variable-offset cam, the rotation of which caused vertical displacement of the tension transducer. Each cycle lasted 5 min. The muscle length at which developed tension started to increase with no change in Tr was determined; this was designated initial length (L1).
Adj ustment of the offset cam over seven length/tension cycles allowed the determination of the amount of stretch required to place the muscle at Lmax.
During the eighth and ninth cycles the calcium concentration was increased from 2.25 to 3.30 meq/liter. The calcium concentration was then returned to 2.25 meq/liter, and a final control cycle was performed.
Left ventricular papillary muscles of the 22/18 animals were suspended in 50% glycerin-phosphate buffer solution at 4VC for 2 days and then at -20'C for 3 mo. The glycerin solution was changed daily for the first 3 days (11) . At the end of 3 mo, each muscle was placed between spring-loaded clamps and suspended from a tension transducer as described above. The muscle was triple washed and then left in a solution containing 5 mM MgCl2, 60 mM KCl and 20 mM histidine, and perfused with 95% 02 and 5% C02. The pH was 7.4±0.1, and the temperature was 32.0±+0.10C. After a stabilization period of 30 min at low resting tension (Tr <0.25 g), 0.1 cm' of 600 mM ATP was added to the muscle bath (giving an ATP concentration of 5 mM), and the amount of tension generated was measured and corrected for the cross-sectional area.
Significance of differences was evaluated by Student's t test, with the exception of calcium potentiation data which were evaluated by analysis of variance. RESULTS In the first study 35 suckling animals (12-day-old) received viral inoculum, (I/12/90). 16 of these died during the first 2 wk. The remaining 19 animals and the associated control group, C/12/90, appeared healthy throughout the observation period. A second set of 95 suckling animals were inoculated later to provide animals for the I/12/18 and I/12/180 groups. These animals did not show the same mortality rates, but 42 of the inoculated animals fell below 1 SD of their expected body weights and were rejected from the study.
Most of these lighter and smaller animals had a misshapen body conformation and appeared to be runts.
All the weanling animals were inoculated simultaneously, at age 22 days, 100 animals receiving the virus inoculum. There were 10 deaths, all within the first 2 wk; all these animals were cannibalized before they could be examined. There Virology. Maximum viremia of 10' PFU/g was present on day 2 after inoculation. On the 3rd day, virus replication was maximal in the heart (Fig. 1 ). Since peak virus concentrations exceeding 106 PFU/g were found in heart tissue, the virus apparently replicated in the myocardium, and the presence of virus in the heart was not attributable merely to concomitant viremia. There was no residual virus in the myocardium 90 days after inoculation. Serum-neutralizing antibodies in the range of 1: 40 -1: 160 were present in all seven virus-inoculated hamsters studied at 90 days (22/90) . No antibodies were detected in any of the 12 uninfected control animals studied.
Pathology. The heart weight/body weight ratios of the virus-inoculated animals were similar to those of the animals in their respective control groups (Table  I) . No gross abnormalities of the livers, lungs, or hearts were noted in either the control or infected animals, when they were sacrificed for the mechanical studies.
The only animal which died before study and was not cannibalized had been infected at 12 days in the first study, and on day 21 showed evidence of diffuse myocardial inflammation and necrosis.
On the 18th day after inoculation (12/18) focal infiltration was evident in only one-fifth of the animals, whereas at 90 days after inoculation (12/90) no infiltration was evident, but foci of necrosis were seen in one-third of the animals. At this stage, Van Gieson or Masson trichrome stains did not reveal any increase in connective tissue.
A total of 14 infected animals inoculated at age 22 days were sacrificed for histological examination, 3 on the 3rd day, 5 on the 5th day, and 6 on the 7th day after inoculation. The hearts of all the infected animals showed widespread inflammatory exudates and focal necrosis at this early stage of infection. This reaction was subsiding in the 13 animals examined at 18 days postinoculation when only 40% showed scanty focal myocytolysis. By the 90th and 180th day after inoculation all the hearts examined were normal.
Muscle mechanics. (Tables II and III) : The average Li of the isolated trabeculae from all the virusinoculated animals were similar to those of their respective control groups. Lm6x When the calcium ion concentration of the muscle and 43% in I/12/90 (P < 0.001) (Fig. 2) ; dT/dt was bath was increased from the standard 2.25 to 3.30 meq/ depressed 22% (P < 0.05) and 44% (P < 0.01), re-liter (Table IV) , Tpd was increased 46.9% (C/12/18), spectively. Tr and TPT in these groups were unchanged 20 .5% (C/12/90), and 57.0% in the C/22/18 muscles. compared to those of the control groups. The control In the infected animals, these increases were 38.4% and infected muscles of the 12/180 group showed no (I/12/18), 15.8% (I/12/90), and 32.3% (I/22/18). significant differences in any of these parameters.
Thus Tpd was potentiated to a significantly greater exThe infected animals inoculated at age 22 days (Ta-tent in the control muscles. Only in the younger animals ble III) and studied after 18 days (I/22/18) demon-was dT/dt significantly increased. There were no sigstrated a reduction of 7% (P < 0.001) in Lmax and 18% nificant differences between control and infected muscle (P < 0.001) in TPT when compared to the control muscles. The extent of stretch from Li to Lma. was sig-ge calcium nificantly less compared to the control. Tpd at Lmax was antr w o n na l decreased 25% (P <0.05) (Fig. 3) . Although dT/dt concentration. was reduced by 40% in this group, this did not achieve Tpd, dT/dt, TPT, and Tr of both the control and instatistical significance. The Tr showed no difference fected muscles increased proportionally but not linearly between the control and infected groups.
with age (Tables II and III) . FIGURE 2 Muscle mechanics performed on the 18th and 90th day postinoculation of 12-day-old hamsters. (Mean+SE). The infected muscle groups had shorter muscle length and less Tpd at their optimum length (Lmax) than control muscles. Additional external calcium ion concentration potentiated Tpd in all groups, but the potentiation was greater in the control groups. The size of each group is shown within the bar graphs.
After glycerin extraction, previously infected papillary muscles from the 22/18 group generated 50% less (P < 0.02) tension (127.50+60.02 g/cm') than their control muscles (342.82±35.83 g/cm').
DISCUSSION
Heart failure of unknown etiology has gained increasing attention. There is a small but persistent number of patients who present with end-stage heart failure, in whom valvular heart disease, hypertensive heart disease, coronary artery disease, and congenital heart disease have been eliminated as the etiology. It is possible that some cases of such idiopathic cardiomyopathy might represent late sequelae of previous viral myocarditis (4). Viral infections of man and experimental animals frequently involve the heart. In particular, infections with group B coxsackie viruses are now recognized as the most common cause of acute myocarditis (3, (12) (13) (14) (15) (16) (18, 19) .
Depressed contractility of the isolated trabeculae was observed when myocarditis was induced in the younger suckling animals (12-day-old The potentiation of Tpd upon exposure to additional calcium suggests that the contractile reserve of the infected muscle was not significantly impaired. The study of glycerinated muscle fibers, as a model for actomyosin contractility (6, 7, (21) (22) (23) , suggests the possibility of viral-induced abnormalities of actin and or myosin.
In conclusion, when young hamsters (12-day-old) were infected with coxsackie virus B3, there was an early myocardial dysfunction which persisted for at least 90 days. However, infection of older animals (22-day-old) resulted in a similar initial dysfunction which was followed by a subsequent return to normal function. The myocardial abnormality might involve alterations of the contractile proteins.
The results of the present study suggest that, in the hamster, structural and functional myocardial alterations secondary to acute coxsackie virus B3 may persist well beyond the stage of virus replication and inflammatory response. If this is also the case in man, residual effect of acute viral myocarditis may well play a role in later cardiomyopathy and heart failure.
